Introduction
Many native fats and oils lack the appropriate properties required for use in margarines that have a large consumer market around the world. Thus, fats and oils are modified to extend their potential applications, and commercial use typically involves partially hydrogenated vegetable oils to prepare a margarine with a high melting point and stability 1 . The partially hydrogenated fats contain large amounts of TFAs 2, 3 , which have be identified as an important cause of cardiovascular disease in human beings due to rising levels of low-density lipoproteins LDL , a reduction of high-density lipoproteins HDL , and other potential adverse health effects 4, 5 . The Food and Drug Administration removed partially hydrogenated fats from the GRAS generally recognized as safe list 6 , and the World Health
Organization have recommended reducing the consumption of foods containing trans fatty acid 7 . Therefore, food industries are seeking alternative processes to produce zero or low trans-fat products with acceptable functional properties and through cost-effective methods. One potential alternative method is interesterification.
Previous studies have shown that fats from fully hydrogenated soybean oil interesterified with other vegetable oils tend to have β crystals, which is a feasible way to obtain a β polymorphism form margarine stock 8 . Lipasecatalyzed interesterification offers possibilities for the transformation of fats and oils beyond those using chemical interesterification because certain lipases display positional specificity towards fatty acid in a TAG molecule as well as fatty acid selectivity 9 . Novozym 435 catalyzed fats had desirable fatty acid profiles, physical properties, and a suitable β polymorph for margarine formulation 10 . Lee, Akoh and Lee reported that the interesterified fats containing a trans-free fatty acid produced with Lipozyme RM IM could be used as alternatives to partially hydrogenated fats 11 .
Jenab, Temelli, and Curtis produced a zero trans fatty acid margarine stock by using enzymatic interesterification of canola oil and fully hydrogenated canola oil in a supercritical CO 2 system 12 . The advantages of carbon dioxide as as well as improved properties of separated components in certain cases 13 .
Soybean phospholipids are natural ingredients and widely used as liposome materials and emulsifiers in food applications because of their functional performance 14 . Tocopherols have important physiological functions on the human body, such as anti-aging, improving immunity and so on. They are often used as natural antioxidants that are added to the food. Corn oil contains more phytosterols, and they have some positive effects of lowering total serum cholesterol and low-density lipoprotein-cholesterol LDL-C in humans 15, 16 . Kozlowska-Wojciechowska et al.
found that margarine with sterols, through its antiplatelet activity and the significant reduction of LDL-C, may play a vital role in the nonpharmacological prevention of circulatory diseases. Therefore, it is essential to preserve these natural nutrients 17 . Many studies have focused on the analysis of the physicochemical and functional properties of the products 18, 19 , but references about utilizing natural raw materials to produce full, naturally bioactive components of margarine stock were limited. Commercially available soybean oil generally has been highly refined. Though the refining process could remove the harmful ingredients from oils, cause nutrient losses, and generate a certain amount of TFA. The main objectives of this research were to utilize natural raw materials that were only passed through a fine filter to produce transfree margarine with desirable physical properties, ranging from FHEPSO and CPCO, through interesterification, in which full naturally bioactive components are generated. The physical properties i.e., fatty acid composition, TAG composition, SFC, polymorphic form and melting as well as crystallization and bioactive components of raw materials, EIEF and NIB were studied to develop fully natural bioactive components of margarine stock.
Materials and methods

Materials
Expanded press soybean oil EPSO was prepared by an Insta-Pro 2000 extruder Insta-Pro International, USA in the JiuSan grain and oil industrial group co., Ltd. Harbin, China . CPCO was made by Ölpresse KOMET K 60 V IBG Monforts Oekotec GmbH & Co. Germany in the Key Laboratory of Food Science, Northeast Agricultural University Harbin, China . Lipozyme RM IM, an sn-1,3-specific lipase from Rhizomucor miehei, was purchased from Novozymes A/S Bagsvaerd, Denmark . Tocopherols α, β, γ and δ , including β-sitosterol, campesterol and stigmasterol standards as well as the fatty acid methyl ester FAME standard, were purchased from Sigma Chemical Co. St Louis, MO, USA . CO 2 99.9 was supplied by the Harbin Liming Gas Co., Ltd. Harbin, China . All solvents and reagents used for analyses were of analytical or chromatography grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. Shanghai, China .
Fully hydrogenated oils
FHEPSO was prepared from the EPSO in a 150 mL highpressure reaction kettle under a supercritical CO 2 system. Reactions were carried out for 3 h at 120 at a reaction pressure of 14 MPa in which there was a CO 2 of 8 MPa, N 2 of 6 MPa, and a Pd/C catalyst of 0.5 wt under magnetic agitation at a stirring speed of 400 rpm. After the reaction, the oil samples were collected for further analysis.
Sample Preparation
The NIB samples were the physical blends of FHEPSO and CPCO in the various mass ratios FHEPSO/CPCO 50:50, 40:60, and 30:70 .
The EIEF samples were prepared from the blends of FHEPSO and CPCO in different mass ratios using lipozyme RM IM 6 wt of total substrate in a high pressure reaction kettle under a supercritical CO 2 system. Reactions were carried out for 2 h at 70 , at a reaction pressure of 8 MPa under magnetic agitation with a stirring speed of 300 rpm. After interesterification, the mixtures were then filtered by Whatman no.1 filter paper. Finally, the free fatty acids of the interesterified mixtures were removed by short-path molecular distillation KDL1, UIC GmbH, Alzenau, Germany in which the temperatures of the evaporator and condenser were set at 185 and 20 , respectively, and vacuum pressure was maintained below 1 mbar. The samples were collected and stored at 4 for further analysis.
Fatty acid composition
The fatty acid compositions of the samples were determined by gas chromatography GC after conversion to fatty acid methyl esters FAMEs with boron trifluoride in methanol using the analysis conditions described by Adhikari et al. 20 . Oils 25 mg were placed in a tube 15 mL with a screw cap and mixed with 0.5 N methanol NaOH 1.5 mL . The mixture was heated at 100 for 5 min and cooled down to room temperature. BF 3 methanol 2 mL was added and heated at 100 for 3 min. The mixture was cooled at room temperature and iso-octane 2 mL followed by saturated NaCl 1 mL was added. Then, the mixture was vigorously vortexed. One milliliter of the hexane layer was transferred to a 2-mL vial. After methylation, the fatty acid composition was determined with Hewlett-Packard 6890 gas chromatography equipped with an auto injector and a flame-ionization detector Agilent Technologies, Little Falls, USA using a fused-silica capillary column SP TM -2560, 100 m 0.25 mm i.d., 0.25-μm film thickness, Supelco, Bellefonte, USA . The temperatures of the injector and detector were set at 250 and 260 , respectively.
The oven was heated to 150 and held for 5 min. Then, the temperature was increased to 220 at a rate of 4 / min, and held for 30 min. The carrier gas was nitrogen, and the total gas flow rate at the inlet was 52 mL/min constant flow mode in split mode 50:1 . Fatty acid compositions were identified by comparison with relative retention times of standard mixtures. Sn-2 fatty acid distributions of the samples were determined by the pancreatic hydrolysis and thin layer chromatography TLC 21 . The sn-2 monoacylglycerol was separated by silica gel G, using petroleum ether/diethyl ether/ acetic acid 105:45:1.5, v/v as the developing solvent system. A band corresponding to sn-2 monoacylglycerol was isolated and methylated for GC analysis as described above.
TAG pro les
The TAG profiles of the NIB and EIEF samples were analyzed using a reversed-phase high-performance liquid chromatograph RP-HPLC equipped with an Alltech 3300 evaporative light scattering detector ELSD Alltech Associates Inc., Deerfield, USA operated at 55 , with a nitrogen flow rate of 2 L/min. Aliquots of sample solutions 10 μL in chloroform 1-2 mg/mL , containing 0.1 mg/mL triarachidin as internal standard were injected onto a Lichrospher C18 column 5 μm, 250 4.6 mm, Hanbon Science & Technology Co., Ltd., Jiangsu, China . A binary gradient system of acetonitrile and dichloromethane 1:1, v/v was used at a flow rate of 0.8 mL/min. Gradient elution started with 65 acetonitrile and 35 dichloromethane and held for 25 min, changed to 20 acetonitrile and 80 dichloromethane in 1 min and held for 2 min, then programmed to 65 acetonitrile and 35 dichloromethane in 1 min and held for 6 min. Triacylglycerols were identified by comparisons of the retention data with authentic standards, including relative retention time calculated using triolein as a reference.
Iodine values and slip melting point
The iodine values IV were determined by the AOCS Official Method Cd 1-25 22 .
The slip melting point SMP of samples were determined according to the AOCS Official Method Cc 3-25 22 .
2.7 Analysis of tocopherols, phytosterols, and phospholipids Quantitative analysis of tocopherols in all samples was performed with HPLC Shimadzu, Kyoto, Japan at 295 nm fitted with a silica column 5 μm, 4.6 250 mm . The mobile phase was a mixture of n-hexane fortified with 0.1 acetic acid, and the flow rate was 0.5 mL/min. Standards of α-, β-, γ-and δ-tocopherol were used for quantification.
Phytosterol contents was determined according to the method described by Lee et al. 23 . The oils each 100 mg were saponified by adding 2 N KOH 2 mL in ethanol and heating for 15 min at 80 . After cooling, distilled water 2 mL was added, and the unsaponifiable fraction including phytosterols was extracted by mixing with 2 mL of hexane. The hexane phase was collected and passed through an anhydrous sodium sulfate column. A 7820A GC system Agilent, CA, USA equipped with a FID and a DB-5 capillary column 30 m 0.25 mm 0.25 μm, Agilent, Santa Clara, CA was used. The column temperature was raised from 250 to 300 at a rate of 20 /min. The temperature of the injector and detector were both set at 300 . The carrier gas was helium at a flow rate of 1 mL/min. Phytosterols were identified by comparing the retention times to 5α-cholestane, commercially available standards and retention times from the literature.
The phospholipids in samples were analyzed according to the AOCS Official Method Ja 4-46 22 . Samples were weighed into centrifuge tubes that had been previously tared with a stirring rod. Three milliliters of petroleum ether was added to dissolve the material, and 15 mL of cold acetone was added from a burette. After chilling the mixture in ice water, cold acetone 0-5 was added to bring the liquid level to the 50 mL mark. The tubes were centrifuged to clarify the solution, and the upper acetone layer was decanted into a previously dried and tared 250 mL beaker. The residue was washed with another 50-mL portion of cold acetone and centrifuged, and the clear acetone layer was added to the first portion. The acetone was evaporated from both the solution in the beaker and the insoluble residue in the centrifuge tube on a steam bath. The beaker and tube were dried in an oven at 105 2 for 1 hour, cooled to room temperature in a desiccator, and weighed.
Solid fat content
SFC values of samples were determined according to the AOCS Official Method Cd 16b-93 on a Bruker Minispec pulse Nuclear Magnetic Resonance pNMR spectrometer Karlsruhe, Germany 22 . The samples in the NMR tube were first melted at 70 for 30 min, chilled at 0 for 90 min, and then held at each measuring temperature for 30 min prior to measurement.
Polymorphism by X-ray diffraction spectroscopy
The crystal polymorphism of samples was determined by X-ray diffraction using an XRD-6000 Rigaku Int. Corp., Tokyo, Japan with a fine copper X-ray tube operating at 40 kV and 35 mA. Short spacing was observed with a range from 12 to 32 2θ, scale at a scan rate of 2 /min. The samples were melted 80 , poured into a rectangular plastic mold and tempered at 24 for 16 h.
Differential scanning calorimetry DSC
Melting and crystallization profiles of samples were determined with PE Pyris 6 model DSC Netzsch, Germany following AOCS Official Method Cj 1-94 22 . The 8-12 mg samples were weighed into aluminum pans and sealed.
Normal standardization was performed with n-decane and indium. The samples were initially heated rapidly from room temperature to 80 and held for 10 min to erase the crystal memory; the samples were ten cooled to 60 at 10 /min, and held for 30 min. Next, the samples were heated to 80 at 5 /min to determine the crystallization and melting properties.
Statistical analysis
All tests were carried out in triplicate and the data were reported as the means standard deviations. ANOVA SPSS 14 statistical software was used for analysis of variance SPSS Inc., Chicago, IL .
Results and discussion
Fatty acid composition
The fatty acid compositions of FHEPSO, CPCO, NIB, and EIEF products are presented in Table 1 . FHEPSO contained high amounts of the total saturated fatty acid ∑SFA, 98.6 , including stearic acid C18:0, 86.5 , and palmitic acid C16:0, 11.8
. While the CPCO contained high amounts of the total unsaturated fatty acids ∑USFA, 86.2 in which the major fatty acids were linoleic acid C18:2, 58.8 and oleic acid C18:1, 26.2 . The TFA were not detected in all samples. There was no significant difference between the fatty acid compositions of NIB and EIEF at the same ratio. It might due to the exchange of fatty acids between and within the TAG molecules by interesterification catalysis. Thus, all of the fatty acids were distributed evenly. The results were in agreement with the findings of Adhikari et al. 24 . The SMP and the IV of samples were directly related to their fatty acid compositions, and they were changed based on the different blending ratios. IV of FHEPSO and CPCO were 1.6 g/100 g and 133.2 g/100 g, respectively, and IV of NIB and EIEF at the same ratio had no significant changes, which is in accordance with the degree of the unsaturation of the fats. The SMP values decreased with a decreased ratio of FHEPSO, representing 49.6, 39.2, and 32.3 in FHEPSO:CPCO at ratios of 50:50, 40:60, and 30:70 interesterified fats, respectively. The SMP of EIEF at the ratio of 40:60 is close to the mouth temperature. Sn-2 positional fatty acid composition is given in Table 2 . For the interesterified fats, higher saturation was observed at sn-2 position, and ∑SFA ranged from 58.3 50:50 to 62.8 50:50 due to higher amount of palmitic and stearic acid. As compared with the physical blend fats, a significant extent of changes in sn-2 position was observed in the interesterified fats, which can be explained by the acyl migration from sn-1,3 to sn-2 position or remigration from sn-2 to sn-1,3 position.
TAG pro les
The TAG profiles of FHEPSO, CPCO, NIB, and EIEF products are presented in were the predominant TAG species in the CPCO. The TAG species changed through enzymatic interesterification. Compared to the NIB, the EIEF showed an increased amount of several TAG species, including LOP/ LPO, POO, LOS, but some TAGs decreased i.e., SSS and LLL after the interesterification in which the high melting point SSS decreased by 87.7 or more. Meanwhile, there are several new types of TAG species i.e., SOP, LnOS, SOO, SSL/SLS, SLL/LSL and SOS/SSO that appeared in the EIEF samples. The analysis results indicated that enzymatic interesterification had taken place, and the fatty acid compositions within TAGs were largely changed and rearranged during the interesterification reaction 25 . Table 4 shows that the major tocopherols in the FHEPSO were γ-tocopherol 74.5 mg/100 g , δ-tocopherol 32.3 mg/100 g and α-tocopherol 14.4 mg/100 g , whereas γ-tocopherol was predominant in the CPCO. The NIB contained 89.9-107.7 mg/100 g of total tocopherols, which were not significantly reduced in the EIEF 88.6-105.6 mg/100 g . The γ-tocopherol in the EIEF samples was more than 62.5 mg/100 g and α-Tocopherol was more than 7.1 mg/100 g. The structure features of tocopherols, including their metabolic fate and biological activities, and γ-tocopherol have been reported to be more potent than α-Tocopherol 26 . Meanwhile, tocopherols were considered the most important natural antioxidants in oils and fats, which prevent lipid oxidation. The content of phytosterols and phospholipids in raw materials, NIB and EIEF are shown in Table 5 . FHEPSO contained 0.92 g/100 g of phospholipids that were absent from CPCO, whereas the CPCO was rich in phytosterols of 1443.4 mg/100 g, which comprised campesterol, stigmasterol and β-sitosterol. After enzymatic interesterification, most of the bioactive ingredients were preserved. The EIEF contained abundant total phytosterols of 916-1053 mg/100 g and phospholipids of 0.33-0.51 g/100 g. Phospholipids are often used as an emulsifier and functional ingredient in margarine, and the emulsifying properties and oxidative stability of phospholipids were improved after hydrogenation 27 .
Tocopherols, phytosterols and phospholipids
Solid fat content
The solid fat content is responsible for many important characters of fat, such as their physical appearance, organoleptic properties, and spreadability 28 . The SFC curves of fats before and after interesterification at different mass ratios are presented in Fig. 1 . The SFC values for all samples decreased sharply with an increase in temperature. At temperatures ranging from 0-30 , the curves of NIB were relatively flat, and at over 30 , they decreased rapidly. The EIEF samples showed lower SFC values than the NIB at higher temperatures. The decreases in the SFC were due to the decreases in the proportion of high-melting TAGs compared to the rearrangement of fatty acids within TAG molecules during interesterification 29 . The EIEF showed 0-4.2 SFC at 40 , which would melt better in the mouth, whereas the NIB showed significantly higher SFC values 18.6-32.5 . Zhao et al. reported 0-3.5 SFC at 40 in interesterified products from highly hydrogenated soybean oil, cinnamomum camphora seed oil, and perilla oil 30 . The SFC curves at room temperature 25 should be 15-35 for desirable spreadability as plastic fats. Therefore, the EIEF had an ideal SFC curve that might be suitable for trans-free margarine stock.
Polymorphism by X-ray diffraction spectroscopy
Polymorphic forms and crystal morphology are the most important criteria for determining the functional properties of margarines and shortenings. The main polymorphs of fat crystals are α, β , and β polymorphic forms. Each polymorph has different characteristics with an α form characterized as unstable with the lowest melting point and short spacing at 4.15 Å; β form, metastable, intermediate melting point and two strong short spacings at 3.80 Å and 4.20 Å as well as three minor short spacings at 4.27 Å, 3.97 Å, and 3.71 Å, respectively. The β form is very stable and has the highest melting point, with short spacing at 4.60 Å 31, 32 . The β form has a small crystal size that is a desirable polymorphic form for margarine stock. The polymorphic forms of the NIB and the EIEF at the mass ratio of 40:60 FHEPSO/CPCO are presented in Fig.  2 . X-ray diffraction pattern of NIB Fig. 2a and EIEF Fig.  2b indicated that the NIB displayed stronger intensity at 4.62 Å for the β crystal, whereas the interesterified product showed three stronger intensities at 4.25 Å, 3.82 Å, and 3.68 Å, which represents the β crystal form. After interesterification, the spacing at 4.62 Å had largely weakened. The results indicated that the predominant crystal form had changed from β to β . The changes in crystal form were probably due to the changes in fatty acid composition within TAGs under the catalytic action of Lipozyme RM IM 33, 34 . Type β crystals were small and have a morphology suited to the plasticity characteristics desirable for margarine stock.
3.6 Melting and crystallization properties DSC crystallization and melting thermograms of NIB and EIEF at the mass ratio of 40:60 FHEPSO/CPCO are presented in Fig. 3 . The melting thermograms Fig. 3b of NIB showed a sharp peak at 62 that represented the highest melting triacylglycerols. After interesterification, changes in the shape of the melting curve were observed, while the melting peaks of the interesterified products were observed at 0-40 . These new peaks corresponded to an increase in the middle-melting TAG species containing the new TAG components formed during reactions such as SOS, SSL and SOO, and the newly formed peaks in the EIEF were much bolder, which indicated the formation of a softer fat as a result of the randomization of the fatty acid present in the glycerides of both oils. The crystallization thermographs Fig. 3a showed one distinct crystallization peak at 37 in the NIB, which is related to the presence of high melting tristearin in FHEPSO. The crystallization behavior of NIB was changed by interesterification, which resulted in crystallization peaks observed at 0-30 in the EIEF. From the above results, TAG profiles of NIB were more singular, and the onset of crystallization and melting temperatures decreased after interesterification, which is consistent with the results of Ehsan Jenab 12 .
Conclusion
This study demonstrated that blends of FHEPSO and CPCO FHEPSO/CPCO 50:50, 40:60 and 30:70 were effectively interesterified using Lipozyme RM IM in a supercritical CO 2 system. The physicochemical properties of the raw materials NIB and EIEF were investigated, and the results showed that the EIEF had desirable physical properties, a suitable crystal form, and no trans fatty acids. The EIEF showed 15.4-31.1 SFC at 25 , which were desirable properties for spreadability of margarine stock. The SFC values of EIEF were lower than the NIB. The short spacing of EIEF of 4.25 Å, 3.82 Å and 3.68 Å were observed, which indicated that the predominant crystal form was β . The EIEF were rich in natural nutrients phospholipids, tocopherols and phytosterols , and the antioxidant capacity of products improved. Thus, the present study suggested that trans-free EIEF rich in naturally bioactive components would be used as a replacement for partially hydrogenated fats and oils for margarine stocks. 
